Abstract. A new approach is described to identify the dominant process (physical versus biological) in a pelagic marine ecosystem, from simple biological oceanographic field variables. The approach is based on quantification of the matching (M) between phytoplankton production (P) and losses, from field estimates of chlorophyll a (Chl) and P. Coefficient M is estimated for a wide range of oceanic and coastal environments and of trophic characteristics, using data from the literature. Results show that M characterizes the dominance of physical versus biological processes in pelagic systems. The coefficient may be especially useful as a means for extracting process information on pelagic marine ecosystems from large data sets of Chl and P, e.g. recorded by moored instruments or provided by satellite images of ocean colour.
Introduction
A central aim of biological oceanography is to identify the major processes that control the dynamics of pelagic ecosystems. This information is needed for predicting the changes in pelagic systems that occur as a response to natural and anthropogenic environmental changes, and also for the management of marine resources. Pelagic ecosystems are frequently classified according to the control exerted by the physical environment (e.g. Cushing, 1989) . In systems under strong environmental regulation, the main control process of ecosystem dynamics is often the supply of nutrients from deep waters, although some of the high-nutrient low-chlorophyll oceanic areas seem to be controlled by the atmospheric supply of iron (e.g. subarctic Pacific, equatorial Pacific and parts of the Southern Ocean). In systems under weak environmental regulation, the main control process is generally the activity of heterotrophs. Ecosystems with a high physically driven flux of nutrients typically show high ƒ-ratios [uptake of NO 3 /uptake of all nitrogenous (N) nutrients; Dugdale and Goering, 1967] , because NO 3 is mostly supplied from depth whereas the other N nutrients are regenerated in the euphotic zone. In the case of Fe limitation, there is a positive relationship between the ƒ-ratio and the atmospheric or other (e.g. upwelling) supply of Fe, because this micronutrient is essential for the uptake of NO 3 (e.g. Price et al., 1991; Coale et al., 1996) . In contrast, biologically dominated ecosystems generally show high biomasses of heterotrophic bacteria, because these organisms are responsible for the bulk of organic carbon (C) utilization and respiration in the sea [e.g. Sherr and Sherr (1996) and references therein].
The aim of the present paper is to develop a conceptually and practically simple method to identify the dominant process (physical versus biological) in a pelagic marine ecosystem. The approach is based on quantification of the matching (M) between phytoplankton production (P) and losses (grazing, sinking, etc.) in oceans from widely available field data, i.e. chlorophyll a biomass (Chl) and P. It is hypothesized that M characterizes the dominant process in a pelagic marine ecosystem, i.e. M is low in systems dominated by physical processes and high in those dominated by biological processes. In order to test this hypothesis, M values are first estimated for a wide range of marine environments and trophic characteristics, using data from the literature. The resulting values are then compared with the ƒ-ratio and the biomass of heterotrophic bacteria. Our hypothesis predicts a negative relationship of M with the ƒ-ratio, and a positive relationship with the bacterial biomass. The purpose of the new index is not to replace indices such as the ƒ-ratio when these are available, but instead to provide a means of assessing the dominant process in a pelagic ecosystem when the only available information is Chl and P. It will be shown below that this approach is relevant to the modern sets of serial Chl and P data generated by moored instruments and satellite images of ocean colour.
Method

Data
Data used in the present study were taken from 24 published papers, in which Chl was determined at least twice at the same site with a time interval between successive values of ≤7 days (see below), and where a P value was determined at the beginning of each interval. The papers cover a wide range of oceanic and coastal (including estuarine) environments and of trophic characteristics. Figure 1 shows the positions of the sampling areas in the World Ocean. Table I provides the general characteristics of the 24 data sets and the references.
Data extracted from the literature were the depth of the euphotic zone and four biological variables at various depths, i.e. P, Chl and, when available, the f-ratio and the biomass of heterotrophic bacteria (B b ). Values from individual depths were linearly integrated over the euphotic zone (in some papers, the values were already vertically integrated). The data table is too large to be published; it is available on the World Wide Web site www.fsg.ulaval.ca. giroq/mvalue.
Computation of M
In oceans, the change in phytoplankton biomass (B) per unit time (⌬B/⌬t) reflects the difference, over time interval ⌬t, between P and total losses of phytoplankton (L) in the euphotic zone:
All terms in equation (1) have units of mass of C per unit area and per unit time.
The L term includes grazing, lysis, sinking and advection of phytoplankton cells (the latter may be positive or negative), but not exudation of dissolved organic carbon by phytoplankton because P determined by the usual 14 C method is net particulate production. The matching (M) between P and L is defined as:
Because the denominator of the right-hand term is P, M can be compared across systems with different P levels, or among different P conditions within the same system. Given equation (1), it follows that:
According to equations (1)- (3), when all P is lost (L = P), then ⌬B/⌬t = 0 and M = 1, i.e. a perfect match between P and L. When there is no loss of P (L = 0), then ⌬B/⌬t = P and M = 0, i.e. a complete mismatch. Equation (3) is conceptually simple. The estimation of M from field data requires, however, consideration of at least six practical aspects, which are examined further in the Discussion.
(1) The units of ⌬B/⌬t and P must be the same. Since field phytoplankton biomass is generally determined as Chl, the latter must be multiplied by a C:Chl ratio before being entered as B into equation (3). According to taxa and genetic as well as environmental factors, C:Chl may vary over a wide range (i.e. from 10 to >200; Falkowski and Raven, 1997, p. 274-276) . In the present paper, the ratio is taken as: Table I . The numbers are those which identify studies in the table. (1990, 1991a,b, 1992) 21 45°32ЈW (2) The field estimates of P and B are both subject to errors. This influences the estimates of M [equation (3)].
(3) Ideally, M should be computed on ⌬t = 1 day, because P (phytoplankton carbon fixation minus respiration and exudation) is a daily process. Because phytoplankton cells may grow without necessarily dividing, ⌬B reflects the combined allocation of photosynthetic carbon to both cell growth and division, so that the appropriate ⌬t for computing M is independent of the phytoplankton doubling time. Because we found in the literature only a limited number of values with ⌬t = 1 day, the present paper also uses studies where 1 day < ⌬t ≤ 7 days. This allowed us to compute 536 M values, of which 202, 74, 58, 35, 31, 45 and 69 correspond to ⌬t = 1, 2, . . . and 7 days, respectively; the remaining 22 values were computed on time series of continuously increasing B over several time intervals [equations (8)- (12), below].
(4) ⌬B/⌬t and P often do not refer to the same time interval, i.e. P is generally estimated for 1 day, whereas the time interval between successive B determinations at a given site may vary from 1 day to several weeks or months. In cases where 1 day < ⌬t ≤ 7 days, the phytoplankton biomass after 1 day was computed on the basis of the usual exponential equation:
where B(t) and B(t + ⌬t) are the phytoplankton biomasses at the beginning and the end of ⌬t, respectively, and µ is the instantaneous rate of change of B (day -1 ). Assuming constant µ over ⌬t, it can be shown from equation (5) that:
where B(t + 1) is the phytoplankton biomass at time (t + 1). When ⌬t = 1 day, B(t + 1) computed with equation (6) is identical to the observed value at (t + 1). It follows from equation (6) that:
which is the ⌬B value we used for computing M [equation (3)].
(5) When the available data showed a continuous increase of B over k ≥ 2 successive time intervals, the M value was estimated differently from above, in order to smooth out random variations in B. The approach was to adjust a linear regression to the (k + 1) observed ln [B(i)] values (i.e. assuming constant µ over the k intervals):
where i is the sampling day. Using the regression coefficients b 0 and b 1 (where b 1 provides an estimate of µ), it is easy to compute the BЈ(j) and BЈ(j + 1) values corresponding to the jth sampling interval (j = 1, k):
Identifying dominant processes in pelagic marine ecosystems Hence:
The PЈ(j) value corresponding to BЈ(j) was estimated as follows:
M(j) [equation (3)] was computed with ⌬BЈ(j, j + 1) and PЈ(j) [equations (10) and (11)].
(6) Equations (2) and (3) show that M = 0 corresponds to a complete mismatch between P and L, and M = 1 to a perfect match. However, it happens that, because of uncontrolled factors such as estimation errors in B and/or P, and advection of water at the sampling station during ⌬t, field ⌬B/⌬t > P; hence, M < 0. Since a negative M has no ecological meaning, the most conservative assumption in such a case is that ⌬B/⌬t = P; hence, values M < 0 are replaced by M = 0. Conversely, there are situations where L is higher than P, i.e. field ⌬B/⌬t < 0; hence M > 1. By definition, a situation where L > P must be transient, because it depletes B. Values M > 1 may be of interest for analysing phytoplankton dynamics, but they offer no special advantage in the context of the present paper. This is because, as stated in the Introduction, our aim is to develop a method to identify the dominant process in a pelagic marine ecosystem that would be conceptually and practically simple. 
Statistical analysis
Relationships between M and either the ƒ-ratio or the biomass of heterotrophic bacteria are assessed below using two-way contingency tables. The null hypothesis of independence between M and each variable is tested by computing the Wilks' 2 statistic [called G in Sokal and Rohlf (1995) ] on the contingency table, and determining its probability. When a relationship is found to be significant, its direction (positive or negative) is determined by examining the cells in which the numbers of observations are larger than the expected values. Figure 2 shows the frequency distribution of the 536 M values from the 24 studies listed in Table I (values M < 0 were replaced by M = 0 and values M > 1 by M = 1, as explained above). Most M values (414) are >0.7; given the discontinuity in the distribution at M = 0.7 (all frequencies below M = 0.7 are ≤36), this value is used below as the threshold between low and high M. In Figure 2a , the numbers of values belonging to oceanic and coastal (including estuarine) waters are identified in each frequency interval. Overall, 112 observations are from oceanic areas, representing between 12 and 33% of the observations (median 22%) in the various frequency intervals. Hence, the two broad types of environments are present over the whole range of M values. In Figure 2b , the numbers of values belonging to eutrophic (P > 1 g C m -2 day -1 ) and oligotrophic (P < 1 g C m -2 day -1 ) samples are identified in each frequency interval. Overall, 168 samples are eutrophic. These account for 22-44% of the observations (median 30%), except in the three frequency intervals 0.2-06 where the values are 53-63% (median 57%). It follows that there are no systematic differences in the proportions of eutrophic and oligotrophic samples over the range of M values. Figure 3 shows scatter diagrams of the ƒ-ratio and the biomass of heterotrophic bacteria as a function of M (the f-ratio and bacterial biomass were not available in all studies; Table I ). It must be noted that the data in the figure are not log transformed, so that the relationships are, in fact, well constrained given the wide diversity of data. Low M values (<0.7) generally correspond to both high f-ratios (>0.7) and low bacterial/phytoplankton biomasses [B b /B p(C) < 0.6, where B p(C) = Chl ϫ C:Chl]. In contrast, both low f-ratios (<0.7) and high B b /B p(C) (>0.6) Table I . In each frequency interval, numbers of (a) oceanic versus coastal and estuarine stations, and (b) eutrophic (P > 1 g C m -2 day -1 ) versus oligotrophic (P < 1 g C m -2 day -1 ) samples. The total number of values is 536. generally correspond to high M (>0.7). Table II gives the numbers of observations corresponding to Figure 3 . Analysis of the resulting two-way contingency tables shows that the relationships between M and the two indices of ecosystem processes are significant (␣ = 0.05). At high M, the f-ratio is generally low and the bacterial biomass is generally high, i.e. the relationship of M with the f-ratio is negative, and that with the bacterial biomass is positive.
Results
Among the 24 studies in Table I , only five (2, 5, 8, 20 and 21) offer a mix of low and high M values (i.e. between 25 and 75% of M < 0.7), two studies (14 and 18) have >75% of low M values, and the remaining 17 studies have >75% of high M. Figure 4 shows the frequency distributions and temporal changes of M for the studies with a mix of M values (excluding study 21, in which there are only two values), and also for studies 16 (coastal embayment) and 24 (open ocean) with mostly high M. The six studies cover the whole range of oceanic, coastal and estuarine conditions. In the first four cases, large and rapid variations of M along the time axis contrast with well-structured frequency distributions, whereas, in the last two studies, the M values show little variability. Studies 2, 16 and 24 are dominated by oligotrophic samples, study 5 by eutrophic samples, and studies 8 and 20 offer a mix of sample types.
Discussion
Methodological considerations
At the yearly scale, it is expected that M ≈ 0 (L ≈ P), i.e. no change in biomass. On the short term, M may take different values, i.e. 0 < M < 1 (L < P; e.g. bloom), or M > 1 (L > P; e.g. decline of bloom), or M ≈ 0 (L ≈ P; e.g. post-bloom). Because of cell lysis, grazing and sinking, there is always some loss of P (L < P) but, as explained in Method, estimation errors in B and/or P or advection sometimes cause M ≤ 0. The occurrence of values M = 0 and M = 1 in Figures 3 and 4 (1) The C:Chl ratio for phytoplankton is known to vary by a factor >20. Using a constant ratio may thus generate high variability in B values. It was, however, impossible to use a specific ratio for each study and for each station or period within a study, because the C:Chl ratio for phytoplankton was generally unknown.
Using a different ratio than 30 would modify M as follows: Table  II) . Equation (13) shows that using C:Chl > 30 would increase the number of values M < 0, but not change the number of values M > 1. The relatively small number of values M < 0 in the data set (33 out of 536) indicates that C:Chl = 30 was a reasonable choice in most instances.
(2) At sea, P and B are estimated using methods that are sometimes very different, and the estimates are subject to a number of errors (e.g. for the 14 C P method; see Richardson, 1991) . These may cause non-linear upward or downward variations when calculating M [equation (3)], although these variations sometimes cancel out. It is, therefore, reassuring to find that, in cases where the M values are generally high, fluctuations are within the 0.7-0.8 to 1.0 range (Figure 4e and f) . Hence, in spite of variability in the P and B field estimates, most M values are probably representative of the matching between P and L within a factor of 20-30%. In addition, the occurrence of cases where M remains constant over long periods (from 40 to 230 days in Figure 4a , e and f), in very different systems ( Figure 4a , Northeast Atlantic; Figure 4e , temperate bay; Figure 4f , subarctic Pacific), shows that when there are large variations in M, these are indicative of changes in the relationship between P and L [equation (2)], i.e. changes in the matching between phytoplankton production and losses.
(3), (4) and (5) As explained in Method, M should ideally be computed on ⌬t = 1 day. Using in addition studies where 1 day < ⌬t ≤ 7 days assumes that the processes of P and L that control ⌬B remain relatively constant over periods ≤7 days. Visual examination of cases in the database where B continuously increased over k ≥ 2 successive time intervals [see (5) in Method] generally showed an exponential development of B over the k intervals. Hence, equations (5)- (11) Figure 3 and Table II would in no way change the results of the contingency table analyses. Thus, as a practical tool for extracting ecologically relevant information from field Chl and P data, 0 ≤ M ≤ 1. It may, however, be necessary to consider the distribution of values M > 1 in special studies based on frequency distributions, e.g. when using M as a tool to determine the dominance of marine systems by various food webs (Legendre and Rassoulzadegan, 1999) .
Statistical considerations
One statistical aspect of computing M from field data is the maximum interval ⌬t between observations. As stated in Method, ⌬t in the present study was limited to a maximum value of 7 days. The reason is that, as ⌬t increases, the likelihood of missing transient P and L events also increases. At the annual time scale (⌬t = 1 year), for example, M = 1 everywhere in the World Ocean (i.e. steady state), which is a trivial result. Hence, the only way to obtain meaningful M values is to use short ⌬t, ideally 1 day as explained above, here ≤7 days. In the literature, there are relatively few studies in which both P and Chl were repeatedly determined at intervals ⌬t ≤ 7 days (the 24 data sets in Table I are those we found after an extensive search). In future, moored instruments and satellites will provide large data sets of Chl and P with ⌬t ≤ 7 days (see below).
Although it is presently easier to obtain repeated short-term samples in coastal than oceanic areas, the data sets in Table I are not unduly biased toward coastal waters. Samples from oceanic and coastal (including estuarine) environments are distributed over the whole range of M values (Figure 2a) , and also among studies with a mix of low and high M values (Figure 4a-d) and those with mostly high M (Figure 4e and f) . In addition, the fact that there are no systematic differences in the proportions of eutrophic and oligotrophic samples over the range of M values (Figure 2a) indicates that the distribution of M is not distorted by the large numbers of values from some sites. This is because few sites are oligotrophic or eutrophic year round (e.g. Figure 4 ). It must be stressed that the dominance of high M values in Figure 2 is not an artefact of undersampling, given that the interval over which M was computed in no case exceeds 7 days.
The relationships between M and the f-ratio and bacterial biomasses in Figure  3 are obviously not linear (there is no a priori reason for linearity). Given the errors in the field estimates of variables involved, and possibly inherent nonlinear relationships, statistical analyses were best conducted on data grouped into broad classes, i.e. on contingency tables (Table II) .
Finally, Figure 4 shows that the matching between P and L, as reflected in M, cannot be determined from a few occasional field observations, but necessitates instead repeated measurements at sea. This is true in areas where M varies widely (Figure 4a-d) and also in those where M varies little (Figure 4e and f) . In other words, the matching between P and L is a statistical property, which is easy to determine from the frequency distribution of M, but cannot be reliably assessed from a few field measurements. As mentioned above and explained below, the large sets of serial Chl and P data recorded by moored instruments and provided by satellite images of ocean colour will supply the information needed to implement M at large scales.
Ecological interpretation
Coefficient M in the present paper is conceptually similar to the matching coefficient between P and grazing, introduced by Legendre and Rassoulzadegan (1996) to compute the partitioning of P among euphotic zone respiration, transfer to the pelagic food web and export to depth. The latter coefficient uses grazing of phytoplankton as the only loss term, whereas coefficient M in the present paper reflects the total loss of phytoplankton (L) in the euphotic zone. This is because M was designed to identify the dominant process (physical versus biological) in pelagic marine ecosystems.
In order to test the hypothesis that low M correspond to dominance of physics, and high M to preponderance of biology (Introduction), the M values were compared with the ƒ-ratio and the biomass of heterotrophic bacteria. The choice of these two variables is explained in the Introduction. In Figure 3 , low M values (<0.7) generally correspond to high f-ratio (high physically driven flux of nutrients) and low bacterial biomass (low heterotrophic activity), and low f-ratio and high bacterial biomass generally correspond to high M values (>0.7). In addition, Table II shows that the relationship of M with the f-ratio is negative, and that with bacterial biomass is positive. The results from both Figure 3 and Table II agree with our initial prediction of a negative relationship of M with the ƒ-ratio, and a positive relationship with the bacterial biomass (Introduction). The results are therefore consistent with our hypothesis that M increases as the physically driven flux of nutrients decreases and the activity of heterotrophs increases. Hence, M characterizes the dominant process in a pelagic marine ecosystem.
Since ship oceanographic expeditions are often conducted in exploration or survey mode (i.e. the same stations occupied only once or, at best, a few times), there are relatively few data sets that presently allow researchers to compute M (i.e. in which 1 day ≤ ⌬t ≤ 7 days). In years to come, large sets of serial Chl and P data will be generated by moored instruments (e.g. for Chl, Lorenzen, 1966; for P, Falkowski and Kolber, 1993, 1995) and satellite images of ocean colour (e.g. for Chl, Lewis et al., 1983; Balch et al., 1989; Morel and Berthon, 1989 ; for P, Platt and Sathyendranath, 1993; Sathyendranath and Platt, 1993; Longhurst et al., 1995) . The latter will be available at time intervals 1 day ≤ ⌬t ≤ 7 days (e.g. SeaWiFS sees every pixel of the ocean, in the absence of clouds, at least every second day; because of clouds, the time interval between global images is ~1 week; A.Bricaud, personal communication). Even if Chl and P are both derived from ocean colour, P is not redundant with Chl because it also includes information on irradiance (E) and regional P versus E characteristics of phytoplankton. The computation of M described in the present paper provides a means for deriving from these large data sets, on a routine basis, synoptic and long-term information on the dominant processes (physical versus biological) in pelagic marine ecosystems. GIROQ (Groupe interuniversitaire de recherches océanographiques du Québec) and the Laboratoire d'Écologie du Plancton Marin (Université Pierre et Marie Curie, Paris VI, and CNRS/SDU URA 2077).
